Two-electron-one-photon (TEOP) M1 and E2 transition energies, line strengths and transition probabilities between the states of the 2p 3 and 2s 2 2p odd configurations for B-like ions with 18 Z 92 have been calculated using the GRASP2K package based on the multiconfiguration Dirac-Hartree-Fock (MCDHF) method. Employing active-space techniques to expand the configuration list, we have systematically considered the valence, core-valence and core-core electron correlation effects. Breit interaction and quantum electrodynamical (QED) effects were also included to correct atomic state wavefunctions and the corresponding energies. Influences of electron correlation, Breit interaction and QED effects on transition energies and line strengths of the TEOP M1 and E2 transitions were analysed in detail. The present results were also compared with other theoretical and experimental values.
Introduction
B-like ions attract wide attention since they are often found in astrophysical [1] [2] [3] [4] and thermal nuclear fusion plasmas [5] [6] [7] . Transitions within the n = 2 complex of ions in the B-like isoelectronic sequence, including forbidden and resonance lines, play key roles in diagnosing temperatures, densities and ionic abundances of plasma [8] [9] [10] [11] [12] [13] [14] [15] . As wellknown examples, Cheng et al first theoretically calculated relevant atomic properties for isoelectronic ions from Lilike to F-like in 1976 [16] . Later, Edlén made systematic comparisons of the theoretical results of Cheng et al and experimental values [8] . For all transitions studied, Edlén derived Z-dependent functions to represent the relatively small differences between experimental and theoretical energies. From these functions recommended values for transition wavelengths were obtained. Since then, additional studies on energy structures, transition probabilities and other atomic properties of B-like ions have been made in order to supply more accurate data [17] [18] [19] [20] [21] [22] and to explore electron correlation effects [22] [23] [24] [25] and quantum electrodynamical (QED) effects [26] [27] [28] . Meanwhile, some experiments with high precision have been carried out, for example, using electron-beam ion trap (EBIT) devices at Lawrence Livermore National Laboratory [29] [30] [31] and at the Max-Plank-Institut für Kernphysik [32, 33] and heavy-ion storage ring measurements at TSR in Heidelberg [34] . These measurements provided benchmarks for theoretical approaches.
In the present work we calculated the two-electronone-photon (TEOP) M1 and E2 transition energies, line strengths and transition probabilities between the states of AS (J = 3/2) (J = 3/2) (J = 3/2) (J = 5/2) (J = 1/2) (J = 3/2) VV the 2p 3 and 2s 2 2p odd configurations for B-like ions with 18 Z 92 using the GRASP2K package [35] based on the multiconfiguration Dirac-Hartree-Fock method. The TEOP transitions are classified as forbidden transitions. Involving two electrons the transition probabilities are zero in the singleconfiguration approximation, where all relativistic orbitals in initial and final states are orthogonal [36] . These transitions are good candidates not only for testing the quality of the wavefunctions and further checking many-body atomic theory, but also for providing tools for plasma diagnostics. In this paper, we also presented the influence of electron correlation effects, Breit interaction and QED effects on the TEOP M1, E2 transition energies and probabilities. It was found that the TEOP transitions are sensitive to these effects. Recommendations of atomic data including wavelengths, line strengths and transition probabilities were provided for B-like Ar, Fe, Kr, Mo, Xe, Eu, W, Hg, U ions.
Theory
The multiconfiguration Dirac-Hartree-Fock method is explained in detail in a recent monograph by Grant [37] and Table 3 . Line strength in au of E2 transitions of Ar 13+ in Babushikin (B) and Coulomb (C) gauges from calculations with increasing active sets (AS). [16] . a Edlén [8] . b Safronova et al [14] . c NIST [40] . d Aggarwal et al [21] . e Träbert et al [31] .
5 here we will just outline the method. Starting from the DiracCoulomb Hamiltonian
where V N is the monopole part of the electron-nucleus Coulomb interaction, the atomic state functions (ASFs) describing different fine structure levels are obtained as linear combinations of symmetry adapted configuration state functions (CSFs):
Here J and M J are the angular quantum numbers and P is parity. γ denotes other appropriate labelling of the configuration state function, for example orbital occupancy and coupling scheme. The configuration state functions are built from products of one-electron Dirac orbitals. In the relativistic self-consistent field procedure both the radial parts of the Dirac orbitals and the expansion coefficients are optimized to self-consistency. Calculations can be done for single levels, but also for a portion of a spectrum in an extended optimal level (EOL) way where optimization is on a weighted sum of energies. In subsequent relativistic configuration interaction (RCI) calculations the transverse photon interaction
may be included in the Hamiltonian [38] . In the RCI calculations vacuum polarization [38] , and self-energy corrections [38] , can also be accounted for. In the GRASP2K package self-energy corrections can be added into the diagonal Hamiltonian matrix element so that the effect can be taken into account in the mixing coefficients c j in equation (2) and then in the atomic state wavefunction.
Once the atomic state functions have been obtained transition parameters, such as line strengths and rates, for multipole transitions between two atomic states γ P J M J and DF+EC labels results where electron correlations are taken into account. BI, VP and SE mean that Breit interaction, vacuum polarized and self-energy are further considered, respectively. γ P J M J can be expressed in terms of the reduced transition matrix element
where Q (λ) kq is the electromagnetic multipole operator of order k in Coulomb or Babushkin gauges. The superscript designates the type of multipole: λ = 1 for electric multipoles and λ = 0 [5] for magnetic multipoles. Inserting the CSF expansions this reduces to a sum over reduced matrix elements between CSFs. Using Racah algebra techniques these matrix elements, in turn, can be obtained as a sum over radial integrals over the radial one-electron Dirac orbitals [37] .
Results and discussions
The success of a calculation relies on a judiciously chosen configuration expansion. To ensure the convergence of a calculated expectation value within a certain correlation model, the configuration expansion must be enlarged in a systematic way. A very efficient way of doing this is to use the active set approach, where jj -coupled configuration state functions of a specified parity P and angular momentum J symmetry are generated by excitations from one or more reference configurations to an active set of orbitals. The convergence of the atomic property can then be studied as a function of the size of the active set. To build a reasonable correlation model and control the accuracy we performed tentative calculations on transition energies and line strengths of the TEOP M1, E2 transitions for Ar 13+ . In the calculations the states of the 2s 2 2p and 2p 3 configurations were simultaneously optimized in an extended optimal level (EOL) scheme. These calculations were followed by calculations with CSF expansions generated by single (S)-and double (D)-excitations from the 2s and 2p shells of the reference configurations 2s 2 2p and 2p 3 to the active set in order to consider valence-valence (VV) correlations. The active set was systematically increased by adding layers of new orbitals. The largest active set included all relativistic orbitals with Table 11 . Wavelength in angstrom, line strength in au and transition probability in s −1 for the TEOP M1 and E2 transitions between the 2p 3 and 2s 2 2p configurations of B-like Mo. n 8 and l 4. Due to stability problems in the relativistic SCF procedure only the outermost layer of orbitals could be optimized each time. Breit interaction as a part of the electron correlations has been taken into account by a relativistic configuration interaction (RCI) calculation in each step. Energies relative to a ground-state energy of zero for Ar 13+ are presented in table 1. The first column in the table represents the largest principal quantum number of the active set involved in each step of the calculation. As can be seen from table 1, the VV correlations have converged when n = 7. The valence calculations were followed by RCI calculations. In these calculations residual core-valence (CV) and core-core (CC) correlation effects were accounted for by including CSFs obtained by excitations also from the 1s shell of the reference configurations to the largest active space (n = 7, l = 4). Triple (T) and quadruple (Q) excitations were neglected due to their very small contributions. The leading [7] QED effects were also added in the RCI calculations and the final results are displayed at the end of table 1. Compared with other theoretical data, the largest discrepancies are less than 1%. In tables 2 and 3 we list the line strengths of the TEOP M1 and E2 transitions. Also in this case the values are well converged with respect to the active set and there is a reasonable consistency between the Babushkin (length) and Coulomb (velocity) gauges for the E2 transition. Therefore, we believe that our results are reliable. We would use the Babushkin gauge because it is the more reliable gauge for electric multipole transitions [39] . Based on these results, we performed similar calculations for the other B-like ions. When Z 28, we only consider the active set of n 6, l 4 since electron correlation effects converge faster with increasing atomic number Z.
In tables 4-7, contributions from electron correlation, Breit interaction and QED effects to energies and line strengths data, we see that relatively large differences exist for high-Z ions, which mainly come from the Breit interaction and highorder QED effects. The line strengths of the TEOP M1 and E2 transitions are zero in single-configuration approximations. Hence, we display only these results in tables 6 and 7, which were calculated by considering electron correlation (EC), Breit interaction (BI), vacuum polarization (VP) and self-energy (SE) effects, respectively. As can be seen from these two tables, line strength of the M1 transition is more sensitive to the Breit interaction than the one of the E2 transitions, even for low-charged ions. With increasing atomic number Z the QED contributions, especially the self-energy corrections, to both of the M1 and E2 line strengths become more important.
Finally, we presented all calculated TEOP M1 and E2 transitions wavelengths, line strengths and probabilities in tables 8-16 for B-like Ar, Fe, Kr, Mo, Xe, Eu, W, Hg and U. Some other theoretical and experimental values were also displayed for comparison.
Conclusions
Two-electron-one-photon (TEOP) M1 and E2 transition energies, line strengths and transition probabilities between the states of the 2p 3 and 2s 2 2p odd configurations of B-like ions with 18 Z 92 have been calculated using the GRASP2K package based on the multiconfiguration Dirac-Hartree-Fock (MCDHF) method. Electron correlation effects were handled in a systematic way. The Breit interaction and QED effects further corrected the atomic state function and corresponding energy.
The present calculated transition energies were compared with other theoretical and experimental values. Good agreement was found for low-and mid-charged ions, whereas the discrepancies become more obvious with increasing atomic number Z. The differences mainly come from the Breit interaction and high-order QED effects. We found that the line strengths of the TEOP M1 transition are more sensitive to the Breit interaction than those of the TEOP E2 transitions. With increasing atomic number Z, QED corrections become more important, especially the self-energy effect. Some recommendations of atomic data including wavelengths, line strengths and transition probabilities were supplied for the TEOP transition.
